Abstract: This investigation demonstrates the feasibility of a magnetically tunable liquid crystal phase grating for the terahertz wave. The phase grating can be used as a beam splitter. The ratio of the zeroth and first-order diffracted THz-beams (0.3 THz) polarized in a direction perpendicular to that of the grooves of the grating can be tuned from 4:1 to 1:2. When the THz wave is polarized in any other direction, this device can be operated as a polarizing beam splitter.
Introduction
Recently, terahertz (THz) technology and its applications have progressed rapidly [1] [2] [3] . Nonetheless, essential quasi-optic components in the THz range are relatively underdeveloped. Periodic structures such as gratings are commonly used to control electromagnetic waves. In the far infrared, time-domain differentiation of THz pulses was realized with a metallic grating [4] . The use of gratings as couplers and filters was also investigated [5, 6] . On the other hand, gratings with liquid-crystal-enabled functionalities have been extensively studied as spectrometers, filters, beam splitters, and holographic optical elements for visible and microwave wavelengths [7] [8] [9] [10] . Moreover, various tunable THz devices based on nematic liquid crystals (NLC), such as phase shifters and filters that are controlled either electrically or magnetically, have been demonstrated [11, 12] . This work presents for the first time a tunable liquid crystal (LC) phase grating in the THz frequency range. The diffraction effect of the grating is magnetically switchable by changing the effective refractive index of the NLC.
A generic binary phase grating is sketched in Fig. 1 . It contains alternate sections of two materials with different refractive indices. The electric fields of electromagnetic waves that pass through materials 1, 2 and the total field E detected at an angle of θ from the incident beam can be written as,
where E 0 is the amplitude of the incident electric field, θ is the diffraction angle, k is the wave number of the electromagnetic wave in free space, h is the width of each material, d is the thickness of the grating, and n 1 +iκ 1 and n 2 +iκ 2 are complex refractive indices of materials 1 and 2, respectively. For an ideal phase grating, the diffraction efficiency of the m-th order diffracted wave, defined as the intensity ratio of the diffracted beam to that of the incident beam, is given by, where φ is the y-dependent phase shift of the grating for one grating period of Λ [13] . Following Ref. 8 , we can write
where Δφ is the relative phase difference between two adjacent domains in the phase grating. For Δφ = (2n+1)π (n = integer), the diffraction efficiencies of the odd orders (m = ±1, ±3, ±5,…) are maximal. Equation (3) reveals that the diffraction efficiency of the 3 rd order η ±3 = 4.5% is nine times smaller than that of the 1 st order η ±1 = 40.5%. Therefore, we will only consider the 0 th and 1 st orders of the diffracted beam in this work. Equations (2) and (3) were used as a guide for designing parameters of the grating. Because only a finite number of grooves are fabricated instead of the infinite number of elements assumed in Eqs. (2) and (3), experimentally observed efficiencies are expected to be smaller. Figure 2 illustrates schematically our experimental setup and structure of the LC phase grating, which was designed such that the 1 st order diffraction efficiency would be highest around 0.3 -0.5 THz. Parallel grooves having a period of 2.0 mm, a width of 1.0 mm, and a groovedepth of 2.5 mm were fabricated on a 10.0 mm thick fused silica substrate, for which the refractive index is 1.95 in the THz frequency region (0.2 -0.8 THz) [11] . The grooves were filled with the NLC, E7 (Merck), and sealed with a sheet of Teflon. The dimensions of the grating were designed to have the maximum range of adjustment for the beam splitting ratio at 0.3 THz. Since E7 is a birefringent material with positive diamagnetic anisotropy, the molecules tend to be aligned parallel to the direction of the applied magnetic field. The applied magnetic field in this work was ~ 1800 G, much higher than the threshold field for reorienting the LC, H c ~ 100 G. We can thus assume that the average direction of LC molecules are reoriented parallel to the magnetic field direction. The incident THz beam was polarized along the y-direction in our setup. The refractive index of E7 [14] could thus be switched from the value for the ordinary wave (THz field polarized perpendicular to H, n o =1.58) to that for the extraordinary wave (THz field polarized parallel to H, n e =1.71) by changing direction of the magnetic field from the z-direction to the y-direction. The corresponding imaginary indices are κ o (0.01) to κ e (0.007). A block of fused silica identical in dimension to that of the grating with a Teflon sheet was prepared as the reference. The data presented below, were obtained at room temperature 23±0.5°C.
Experimental methods
A photoconductive antenna-based Terahertz time-domain spectrometer (THz-TDS) [16] was utilized to measure the 0 th order diffraction spectra of the device. Briefly, the pump beam from a femtosecond mode-locked Ti:sapphire laser illuminated a dipole antenna fabricated on low-temperature-grown GaAs to generate the broadband THz signal, which was collimated and collected through the device by off-axis parabolic gold mirrors. A pair of parallel wiregrid polarizers (Specac, No. GS57204) was placed before and after the device under test. The 0 th order diffracted pulse of THz radiation was coherently detected by another photoconductive antenna of the same type. In the second set of experiments, the broadband THz signal was filtered by a metallic hole array (MHA) to yield a narrow-band THz (0.3 THz) beam. The diffraction pattern of this beam by the grating with various NLC orientations was detected and mapped by a liquid-helium-cooled Si bolometer.
Results and discussions
In Fig. 3 , we present waveforms of the 0 th order diffracted THz pulses transmitted through the phase grating for both extraordinary and ordinary waves and that of the reference (black, red, and blue curves). An oscillating component can be seen arriving 1.9 ps and 3.1 ps before the main pulse for extraordinary and ordinary waves, respectively. This is attributed to the propagation time difference between the waves through fused silica and LC. The calculated times, δnd/c, where δn is the difference of the refractive indices between fused silica and LC, d is the groove depth, and c is the speed of light in vacuum, are 2.0 ps and 3.1 ps, respectively. They are very close to the experimentally observed time difference.
Applying fast Fourier transform algorithms to time domain waveforms and normalizing the diffracted signals for e-ray and o-ray with respect to that of the reference, we are able to determine the corresponding diffraction efficiencies,η, in the frequency domain (see Fig. 4 ). The solid and dashed lines are theoretical curves calculated using Eq. (1) for the ordinary and Figure 4 clearly demonstrated that the diffraction efficiency was highest at the frequency of 0.3 THz, according to our design. For ordinary wave at 0.3 THz, the phase difference Δφ between fused silica and E7 was close to 2π. Therefore, the transmission of the grating was higher and the diffraction efficiency was 0.37. The THz wave was mainly concentrated in the 0 th order. In contrast, the phase difference Δφ is close to π for extraordinary waves. The diffraction efficiency was 0.10 for the 0 th order, because the THz wave was mostly diffracted into the 1 st order. A straightforward analysis of the spectral phase was also performed. It does not shed further light on operation of the device. Next, a liquid-helium-cooled Si bolometer was employed to trace the angular distribution of the diffracted THz beam by the LC phase grating. In these experiments, the broadband THz pulse was filtered by the MHA (a 0.5 mm-thick aluminum plate perforated with circular holes arrayed in a triangular lattice of lattice constant s = 0.99 mm and the diameter of each hole, l = 0.56 mm) as a filter to yield a quasi-monochromatic wave centered at 0.3 THz with a line width of 0.03 THz [16] . th and 1 st orders were 0.43 and 0.08 for oray, 0.13 and 0.23 for e-ray, respectively. These were also in good agreement with the theoretical estimate, taking into account of the finite dimension of the grating and acceptance angle of the bolometer. The acceptance angle of ±3° associated with the detection area of the bolometer was considered and the result predicted by Eq. (1) adjusted accordingly.
A diffraction maximum was detected at θ = 30°, which corresponded to the 1 st order diffracted beam that was predicted by the grating equation. As mentioned in the preceding paragraph, when the phase difference Δφ was close to 2π, most of the THz signal propagated in the direction of the 0 th order diffraction if the refraction index of E7 was n o . Experimentally, we found the diffraction efficiencies were 0.43 and 0.08 for the 0 th and 1 st orders diffracted beams, respectively. When the phase difference Δφ was close to π, the refractive index of E7 was n e and the THz wave mostly propagated as 1 st order diffracted beam. The diffraction efficiencies were 0.13 and 0.23 for the 0 th and 1 st orders diffracted beams, respectively. The grating thus served as a variable beam splitter. Rotating the magnetic field direction enabled the beam splitting ratio between the 0 th and 1 st orders diffracted beams to be tuned from 4:1 to 1:2.
If the THz beam was linearly polarized in any other direction, the phase grating also showed the potential for operating as a switchable polarizing beam splitter. Figure 6 shows the experimental results measured using the same setup as described above as well as the theoretical curves. The polarization of the incident 0.3 THz-beam was set by rotating the wiregrid polarizer before the grating to an angle of 45° with respect to the y-direction while the magnetic field remained in the y-direction. The transmitted y-polarized THz beam propagated mostly as the 1 st order diffracted beam, while the z-polarized THz wave mostly propagated as the 0 th order diffracted beam. When the applied magnetic field was switched to that along the z-direction, the diffraction patterns of the above two polarized THz waves were interchanged. 
Conclusions
In summary, a magnetically controlled tunable LC phase grating for manipulating the THz wave at room temperature was demonstrated. The waveform of the broadband THz wave was modified in the time-domain and the spectral transmittance could be varied in the frequencydomain. The splitting ratio of the diffracted THz-beam (0.3 THz) polarized in a direction perpendicular to that of the grooves of the grating could be tuned from 4:1 to 1:2. Additionally, when the THz wave was polarized in any other direction, this device had the potential to operate as a polarizing beam splitter.
